ABSTRACT -The potential for health effects on humans with exposure to bisphenol A (BPA) has raised concerns, and the adverse effects of low-dose exposure to BPA on reproduction have been controversial. The purpose of the present study was to investigate the effects of low-dose exposure to BPA on reproductive development in F 1 rat offspring. Pregnant female Sprague-Dawley rats (F 0 ) were fed a diet containing low doses of BPA (0, 0.33, 3.3, or 33 ppm) from gestational day (GD) 6 through postnatal day (PND) 21. The weanlings (F 1 ) from all dose groups were fed a normal diet ad libitum after weaning and then were subjected to necropsy at 5 weeks or 3 months of age. No BPA-related changes were observed in body weight or weight of any of the major reproductive organs in F 1 males and females. Epididymis weight was significantly lower only in 3-month-old F 1 males exposed to 33 ppm BPA. Anogenital distance (AGD), the ratio of AGD to the cube root of body weight, and relative ovary weight were significantly lower in 5-week-old F 1 females exposed to 3.3 and 33 ppm BPA, but significant differences were not observed in 3-month-old females. There were no BPA-related effects on cauda epididymal sperm motility in 3-month-old F 1 males. Plasma reproductive steroid hormone concentrations were not altered among groups in either sex. These outcomes indicate that low-dose exposure to BPA in the diet does not adversely affect reproductive development in F 1 rat offspring.
INTRODUCTION
Bisphenol A (BPA) is widely used in the manufacture of polycarbonate and epoxy resins, dental sealants, and other chemically derived products. BPA released from lacquer coatings has been detected in food cans (Brotons et al., 1995) , and BPA has also been found in saliva collected from subjects treated with dental sealants (Olea et al., 1996) . Krishnan et al. (1993) reported weak estrogenic action of BPA eluted from a polycarbonate bottle into medium during autoclaving. BPA increased the number of progesterone receptors and promoted proliferation of a cultured cell line that originated from a human breast cancer (MCF-7). BPA can stimulate prolactin release in vitro and in vivo, indicating that BPA mimics estradiol (E 2 ) (Steinmetz et al., 1997) .
Several studies indicate that low-dose exposure to BPA may cause a higher incidence of heart disease, obesity, and diabetes in humans (Lang et al., 2008; Melzer et al., 2010) . The potential for health effects on workers with occupational exposure to BPA has raised concerns. An epidemiological study suggests that BPA exposure in the workplace may have an adverse effect on male sexual function (Li et al., 2010) . In fertile men, exposure to low environmental levels of BPA may be associated with a modest reduction in markers of free testosterone, but any effects on reproductive function are suggested to be small and of uncertain clinical significance (Mendiola et al., 2010) . Total BPA exposure has been estimated in the human population; the daily human intake from a variety of environmental sources (i.e., aquatic environment, air, and soil) and from food and beverage contamination (i.e., leaching rates from plastic containers and can surface coatings) is estimated to be < 1 μg/kg body weight/ day (Kang et al., 2006) .
Reproductive and developmental toxicity studies in rodents have been conducted using relatively high doses of BPA. High-dose oral administration (320 mg/ kg/day) from gestational day (GD) 11 through postnatal day (PND) 20 results in no apparent change in male or female reproductive development in F 1 rat offspring (Kwon et al., 2000) . Although maternal weight gain during gestation was reduced in rats exposed to 160, 320, or 640 mg/kg/day BPA by gastric intubation from GD 6 through GD 15, there were no toxic effects on the development of their pups (Morrissey et al., 1987) .
Reproductive toxicity from low-dose BPA exposure has, however, been reported in mice. The potential for developmental toxicity following in utero exposure to BPA is of particular concern, as has been suggested in numerous studies. BPA increases prostate and preputial gland weight and decreases daily sperm production in male mouse offspring prenatally exposed to BPA at 2 or 20 μg/kg/day from GD 11 through GD 17 (Nagel et al., 1997; vom Saal et al., 1998) . Female mouse offspring exposed to 2 or 20 μg/kg/day BPA in utero from GD 11 through GD 17 exhibit advanced onset of first vaginal opening (Howdeshell et al., 1999) . Other research groups have, however, failed to confirm such effects in mouse offspring using identical experimental designs and a larger number of animals and dosing groups (Ashby et al., 1999; Cagen et al., 1999) .
Although the reported effects of BPA have not been entirely consistent, BPA has received a great deal of attention with regard to its possible effects on reproductive glands and accessory genital glands based primarily on the estrogenic activity of BPA. BPA has little structural similarity with E 2 (Steinmetz et al., 1997) but is weakly estrogenic in vivo (Dodds and Lawson, 1936) and in vitro (Gaido et al., 1997) . BPA can bind to estrogen receptors (Kuiper et al., 1997 (Kuiper et al., , 1998 , and the magnitude of estrogenic activity of BPA is ~15,000-fold less than that of E 2 (Gaido et al., 1997 ). An in vivo uterotropic assay showed that BPA is ~10,000 times less potent than E 2 (Milligan et al., 1998) .
The present study was conducted to investigate the effects of low-dose exposure to BPA on sexual maturation and function, because the adverse effects of BPA on reproductive development are not consistently observed. In a previous reproductive toxicity study, we treated mice with low doses of 0.33, 3.3, and 33 ppm BPA in the diet (~0.05, 0.5, and 5 mg/kg/day) (Kobayashi et al., 2010) . Thus, in the current study, we administered the same concentrations of BPA (0.33, 3.3, and 33 ppm) in the diet of rats (~ 0.017, 0.17, and 1.7 mg/kg/day) and then examined the effects on reproductive development in rat offspring.
MATERIALS AND METHODS

Chemicals and experimental animals
BPA (purity > 99.6%, Cat# 280-08561, Lot# HCE9312) was obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Forty-eight time-mated (GD 3; GD 0 was defined by the presence of a copulatory plug) female Sprague-Dawley rats (Crj: CD (SD) IGS, 9 weeks of age), purchased from Charles River Japan, Inc. (Kanagawa, Japan), were used in this study. Rats were housed one per cage and were acclimated on GD 3-6 under controlled temperature (23 ± 1°C) and humidity (55 ± 5%) with a 12-hr light-dark cycle (08:00-20:00) throughout the study. A standard laboratory diet (CE-2; Clea Japan, Inc., Tokyo, Japan) and drinking water were available ad libitum. All experimental procedures using animals were approved by the Institutional Animal Care and Use Committee of the National Institute of Occupational Safety and Health, Japan (JNIOSH) and were in accordance with JNIOSH Guidelines for the Care and Use of Laboratory Animals.
Experimental design
After acclimation, dams (F 0 ) were randomly divided into four groups and were given 0 (control), 0.33, 3.3, or 33 ppm BPA in the diet from GD 6 through PND 21. Body weight was recorded during gestation and lactation. During the course of the exposure period, rats were observed for any adverse clinical signs or abnormal behavior that may have resulted from toxic effects. For each F 0 dam, gestation length and body weight gain during gestation and lactation were measured. Dams were allowed to deliver naturally. The dams were checked for delivery until 10:00 each day; the day on which pups were first observed was designated PND 0. The number of live births was recorded for each litter on PND 0. The litter size was standardized to eight (males/females = 4:4, if possible) on PND 5. Litters with a total of eight or fewer pups were not culled. At 3 weeks of age, F 1 pups were weaned, and then males and females were housed separately. One male weanling from each litter was randomly selected for the behavioral study (not reported here). Weanlings from 10 dams/group were used for the current study. Twenty male and 20 female weanlings from each group (two males and two females in each litter) were selected and were given a normal diet, and their body weights were recorded once a week after weaning through the scheduled sacrifice. The remaining weanlings were sacrificed. Selected offspring (10/group/sex) and the remaining ones (10/group/sex) were anesthetized and subjected to necropsy at 5 weeks or 3 months, respectively. Anogenital distance (AGD) was measured with a digital caliper (Mitutoyo, Kanagawa, Japan). The ratio of AGD to the cube root of body weight (AGD index) was calculated. Blood was collected for hormone analyses (see below). Reproductive organs (testis, epididymis, prostate, ovary, vagina, and uterus) were removed and weighed. At 3 months of age, right cauda epididymides from each male were provided for sperm analyses (see below) and females were subjected to necropsy on the day of diestrus.
Sperm analysis
Sperm count and motility were determined in 3-monthold F 1 males. Right cauda epididymides from each rat were removed and weighed. The tissues were minced with surgical scissors to release sperm into 2 ml of Medium 199 (Gibco, Grand Island, NY, USA) containing 0.5% bovine serum albumin Fraction V (Seikagaku Corp., Tokyo, Japan) at 37°C. The percentages of motile sperm and progressive sperm were automatically counted with a computer-aided sperm analyzer (HTM-IVOS Ver. 10.9i; Hamilton Thorne Biosciences, Inc., Berkley, MA, USA).
Hormone determinations
Blood was sampled from the postcaval vein after the animal was euthanized. Plasma samples were obtained by centrifugation at 4°C and stored at −60°C until the analysis. Plasma testosterone and dihydrotestosterone concentrations in males were determined by enzyme immunoassay (Testosterone ELISA kit and Dihydrotestosterone ELISA kit, respectively; Alpha Diagnostics International Inc., San Antonio, TX, USA). Estradiol and progesterone levels in females were measured by time-resolved fluoroimmunoassay (Delfia Estradiol Reagents and Delfia Progesterone Reagents, respectively; PerkinElmer Life and Analytical Sciences, Inc., Waltham, MA, USA). Absorbance and time-resolved fluorescence were measured by a multi-label counter (VICTOR 2 ; PerkinElmer Life and Analytical Sciences, Inc.). All hormones were assayed according to the manufacturer's instructions.
Statistical analysis
Body weight, weight gain, gestation length, number of live births, AGD, AGD index, organ weight, relative organ weight, sperm parameters, and hormone concentrations were analyzed as follows. First, Bartlett's test was performed to determine whether the samples exhibited a homogeneous distribution. If the Bartlett's test was insignificant (P > 0.05), an analysis of variance was performed. The differences with respect to the corresponding control group were analyzed by analysis of variance followed by Dunnett's test. If the Bartlett's test was significant (P < 0.05), a Kruskal-Wallis test was performed, followed by a Steel's test. Sex ratio was analyzed with the χ 2 test. Statistical significance was set at 0.05 for all analyses.
RESULTS
Reproductive outcomes (F 0 dams/F 1 pups)
There were no significant BPA-related changes in body weight or body weight gain in F 0 dams during gestation and lactation (Fig. 1) . No significant differences were observed between the control group and the BPA groups in body weight gain (GD 6-21), gestation length, sex ratio, or the number of live births per litter on PND 0 (Table 1) .
Body weight (F 1 rats)
The body weight of F 1 males and females is shown in Fig. 2 . In F 1 males, significant increases were observed in body weight in the 0.33 ppm group as compared with the control group at 12 and 13 weeks of age. In F 1 females, significant decreases were observed in body weight in the 0.33 ppm group at 11 weeks of age and in the 33 ppm group at 6 weeks of age as compared with the corresponding control group.
AGD and reproductive organ weight (5-week-old F 1 rats)
In F 1 males, there were no BPA-related changes in AGD, AGD index, epididymis weight, relative epididymis weight, testis weight, or relative testis weight (Table 2) . In F 1 females, there were no BPA-related changes in ovary weight, uterus weight, relative uterus weight, vagina weight, or relative vagina weight between the control group and the BPA groups. In F 1 females at 3.3 and 33 ppm BPA, significant decreases were noted for AGD and AGD index, and significant increases were noted for relative ovary weight (Table 2) .
AGD and reproductive organ weight (3-month-old F 1 rats)
In 3-month-old F 1 males, there were no BPA-related changes in AGD, AGD index, relative epididymis weight, testis weight, relative testis weight, prostate weight, or relative prostate weight. A significant decrease was found in the epididymis weight of F 1 males in the 33 ppm group as compared with the control group. In 3-monthold F 1 females, there were no BPA-related changes in AGD, AGD index, weight of the ovary, uterus, or vagina between the control group and the BPA groups (Table 3) .
Sperm analyses (3-month-old F 1 males)
There were no signifi cant differences in the percentage of motile or progressive sperm in F 1 males between the control group and the BPA groups (Table 4) .
Hormonal status (F 1 males and females)
There were no signifi cant differences in the concentrations of testosterone (males), dihydrotestosterone (males), estradiol (females), or progesterone (females) in F 1 rats between the control group and the BPA groups (Fig. 3) .
DISCUSSION
Over the last 10 years, a hypothesis has been advanced claiming that exposure to low doses of BPA could affect reproductive development by disrupting normal endocrine glands and their functions. Our present study was conducted to examine whether low (environmentally relevant) doses of BPA affect reproductive development in one generation of rats. Effects of BPA at low doses have also been evaluated in multigenerational reproductive toxicity studies, but no adverse effects have been reported in rats (Ema et al., 2001; Tyl et al., 2002) or mice (Tyl et al., 2008; Kobayashi et al., 2010) . Each of these studies confi rmed that BPA does not affect reproductive development. Also, a recent detailed study found no evidence that BPA is a developmental neurotoxicant in Sprague-Dawley rats (Stump et al., 2010) .
In the present study, we found no BPA-related effects on body weight or gestation length in any F 0 dam group, the number of live births per litter, or the sex ratio of F 1 pups. There were signifi cant differences in body weight between the control group and several BPA treatment groups among the different age groups in the F 1 generation (Fig. 2) ; however, these differences were relatively small (male, ~ 8%; female, ~ 5%) and nonconsecutive with age and were thus considered not to be biologically significant. We did not measure food consumption in animals in this study. The BPA intake appeared to be what was expected because body weight in all groups increased normally with age ( Figs. 1 and 2) , and there were no adverse clinical signs in either F 0 dams or F 1 offspring (data not shown).
Exposure of Sprague-Dawley rats to 320 mg/kg/day BPA (GD 11-PND 20) resulted in no apparent changes in pubertal development or reproductive function in either sex (Kwon et al., 2000) . Transplacental and lactational exposure to BPA does not exert any adverse effects on morphogenesis of rat accessory sex organs or spermatogenesis (Yoshino et al., 2002) . We observed no significant effects on the weight of liver, kidney, or testis following exposure to 4 and 40 mg/kg/day BPA from GD 6 through PND 20 . In the present study, epididymis weight was lower with exposure to 33 ppm BPA in adult male offspring (Table 3) ; however the toxicological significance of this decrease remains unknown. We observed no signifi cant differences in reproductive hormone levels in plasma (Fig. 3 ) or in sperm motility (Table 4) between the control and the BPA groups. Our present results regarding reproductive development and function are in accordance with the previous results of rat studies (Kwon et al., 2000; Yoshino et al., 2002; Kobayashi et al., 2002 Kobayashi et al., , 2010 .
AGD has been used as a common index of reproductive and developmental toxicity because it sensitively refl ects the developmental status of the genital system in rodents. The use of the ratio of AGD to the cube root of body weight has been proposed to be a better measure to evaluate AGD (Gallavan et al., 1999) . There were significant reductions in the AGD and AGD index of 5-week-old females with exposure to 3.3 and 33 ppm BPA (Table 2) . AGD is largely controlled by dihydrotestosterone, a metabolite of testosterone (Clark et al., 1990) , but it is not influenced by estrogens (Biegel et al., 1998) . The reductions in AGD were relatively small (1.1-1.2 mm), were not seen in 3-month-old rats, and were not considered to be biologically signifi cant. It has been reported that prenatal exposure to BPA increases AGD in male mice (Gupta, 2000 . The discrepancy between our current fi ndings and those of Gupta et al. (2000) and Honma et al. (2002) may be due to differences in experimental conditions and species.
BPA led to an increase in body weight at weaning, and advanced onset of fi rst vaginal opening was seen in female CF-1 mouse offspring orally exposed to 2.4 μg/kg/day BPA in utero from GD 11-17 (Howdeshell et al., 1999) . Sprague-Dawley female rat offspring exposed to 0.1 mg/ kg/day BPA in their drinking water from GD 6 through lactation exhibited an increase in body weight during the neonatal period and after the weaning period, which continued in adulthood (Rubin et al., 2001) . These fi ndings suggest that BPA, even at low concentrations, may not only affect early embryonic development but also exert late effects on postnatal development. On the other hand, oral administration (2, 20, or 200 μg/kg/day) from GD 7 through PND 18 results in no apparent change in AGD, pup body weight (PND 2 and weaning), the age at vaginal opening, or F 1 fertility rate in female Long-Evans rat offspring (Ryan et al., 2010) . The rats in our present results also exhibited no apparent reproductive effects of BPA. It is not clear whether the different modes of oral exposure might have influenced the outcomes observed among the aforementioned studies. It is possible that the magnitude of sensitivity of BPA to reproductive landmarks is different among species and strains. BPA is distributed rapidly to fetuses across the placenta after a single BPA administration to pregnant female rats (Takahashi and Oishi, 2000) , mice, and monkeys (Uchida et al., 2002) . BPA also can transfer across the human placenta, mainly in its active unconjugated form (Balakrishnan et al., 2010) . BPA bioavailability in rats is route dependent, with oral administration resulting in the lowest bioavailability, which may explain the apparent route differences in estrogenic potency observed for BPA (Pottenger et al., 2000) . In contrast, there is no selective affinity of either yolk sac/placenta or embryo/fetus for BPA or BPA metabolites relative to maternal plasma or tissues (Domoradzki et al., 2003) . All of these reports provide important data about the putative low-dose effects of BPA; however, such effects should be evaluated in detailed studies using different exposure routes, different exposure dosage schedules, and different species.
In conclusion, we found no meaningful effects of BPA on reproductive development in any group for the following parameters: body weight, reproductive organ weight, AGD, sperm motility, or hormonal status. The results of the present study suggest that in utero and lactational exposure to low doses of BPA in the diet (0.33-33 ppm, GD 6-PND 21) does not adversely affect reproductive development in rat offspring.
